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Calderone A. Nestin ϩ cells and healing the infarcted heart. Am J Physiol Heart Circ Physiol 302: H1-H9, 2012. First published October 14, 2011; doi:10.1152/ajpheart.00716.2011.-Scar formation following an ischemic insult to the heart is referred to as reparative fibrosis and represents an essential physiological response to heal the damaged myocardium. The biological events of reparative fibrosis include inflammation, the deposition of collagen by myofibroblasts, sympathetic innervation, and angiogenesis. Several studies have further reported that scar formation was associated with the recruitment of neural crest-derived cardiac resident nestin ϩ cells that display characteristics consistent with a neural progenitor/stem cell phenotype. During the reparative fibrotic response, these nestin ϩ cells participate in neural remodeling and represent a novel cellular substrate of angiogenesis. In addition, a subpopulation of nestin ϩ cells identified in the normal heart expressed cardiac progenitor transcriptional factors and may directly contribute to myocardial regeneration following ischemic damage. Nestin protein was also detected in endothelial cells of newly formed blood vessels in the scar and may represent a marker of revascularization. Lastly, nestin was induced in a subpopulation of smooth muscle ␣-actin ϩ scar-derived myofibroblasts, and the expression of the intermediate filament protein may provide a proliferative advantage. Collectively, these data demonstrate that diverse populations of nestin ϩ cells participate in cardiac wound healing.
ischemia; stem cells; myofibroblasts; cardiac regeneration THIS ARTICLE is part of a collection on Physiological Basis of Cardiovascular Cell and Gene Therapies. Other articles appearing in this collection, as well as a full archive of all collections, can be found online at http://ajpheart.physiology.org/.
An ischemic insult to the heart provokes a robust inflammatory response characterized by the recruitment of neutrophils and monocyte-derived macrophages to the damaged region and initiates phagocytosis of necrotic tissue (25, 49, 55) . Damaged cells are replaced with granulation tissue rich in proteoglycans and extracellular matrix proteins (25, 49, 55) . As repair proceeds, cytokines (e.g., transforming growth factor-␤) released from invading leucocytes promote fibroblast recruitment from the undamaged region to the ischemic area and their subsequent differentiation to a myofibroblast phenotype (25, 49, 55) . In contrast to normal fibroblasts, myofibroblasts are characterized by smooth muscle ␣-actin expression and secrete higher levels of extracellular matrix proteins to rapidly heal the ischemic damaged region (25, 49, 55) . The process of scar formation and healing is referred to as reparative fibrosis and represents an essential biological response to repair the infarcted heart. Two additional biological events associated with the reparative fibrotic response include sympathetic innervation and angiogenesis (3, 56, 57, 66, 67) . The release of nerve growth factor and norepinephrine by innervating sympathetic fibers may in part contribute to the appearance and proliferation of myofibroblasts, and the concomitant compensatory angiogenic response provides a favorable environment for scar healing (3, 9, 37, 57, 64) . Physiologically, the scar limits cardiac myocyte slippage and left ventricular dilatation, since inadequate healing related in part to decreased collagen deposition and/or an impaired angiogenic response leads to chamber expansion and adverse cardiac remodeling (3, 13, 17, 23, 33, 44, 49, 57, 64) . During our studies, we identified a previously unknown population of cells in the infarct region of the ischemically damaged adult rat heart that express the intermediate filament protein nestin and morphologically resembled a neural progenitor/stem cell phenotype (5, 6, 18, 20 -22) . Nestin ϩ cells were also detected in the mouse and human heart (6, 20, 21, 53) . Following ischemic damage, nestin ϩ cells migrated to the infarct region, and work from our laboratory and others have reported their involvement in neural remodeling and de novo blood vessel formation as a cellular substrate of angiogenesis (6, 20, 21, 26, 50, 53) . Additional evidence supports the premise that a subpopulation of cardiac resident nestin ϩ cells may directly contribute to myocardial regeneration (5, 26, 53) . Nestin expression was not limited to neural progenitor/stem cells since the intermediate filament protein was also detected in endothelial cells of newly formed blood vessels in the infarct region and a subpopulation of scarderived myofibroblasts (4, 6, 21) . Nestin upregulation in endothelial cells may represent a marker of revascularization, whereas the expression of the intermediate filament protein in scar-derived myofibroblasts may enhance their proliferative response. Thus this review article will examine the relationship between the diverse populations of nestin ϩ cells and the reparative fibrotic response of the ischemically damaged heart.
Nestin Protein and Gene Expression
The intermediate filament protein nestin was initially identified in neuroepithelial stem cells during central nervous system (CNS) development in the rat (16, 32, 61) . The 240-kDa protein nestin is a member of the class VI family of intermediate filament proteins, and in contrast to other classes, nestin is unable to self-assemble and form homodimers because of a short NH 2 -terminus (58). Therefore, depending on the cell type, nestin will form heterodimers with other intermediate filament proteins including vimentin and desmin (58) . The rat 5,945-base pair nestin gene contains five exons spanning four introns, and the promoter region upstream of the first exon does not contain established regulatory elements (32) . However, the nestin gene does contain regulatory elements in the various intron regions that drive expression in a cellspecific manner (58) . In proliferating neural progenitor/stem cells, nestin expression is independently regulated by restricted enhancer elements identified in the second intron (68) . The second intron (636-base pairs) contains a midbrain and a CNS enhancer element that is activated and independently regulated (33, 62, 68) . In humans, a highly conserved region (714-base pairs) that directs expression was likewise identified in the second intron of the nestin gene (34) . However, nestin expression driven by the second intron was not limited to CNS-resident progenitor/stem cells as a transgenic mouse containing the 5.8-kb fragment of the promoter region, and the 1.8-kb fragment of the second intron of the rat nestin gene linked to the reporter green fluorescent protein (GFP) identified a fluorescent signal in folliclederived progenitor/stem cells isolated from the skin and neural precursor cells intercalated among skeletal muscle cells (2, 8, 24, 38, 51) . Lastly, nestin expression was not exclusive to neural progenitor/stem cells as the intermediate filament protein was detected in skeletal myofibers and endothelial cells during myogenesis and angiogenesis, respectively (1, 12, 39, 48) . However, in contrast to neural progenitor/stem cells, nestin expression in skeletal myofibers and endothelial cells was driven by the first intron (1, 66, 68) .
Nestin ϩ Cells Detected in the Developing Mouse and Transplanted Human Heart
Nestin was first identified in the developing mouse heart by Kachinsky and colleagues (30) , and the expression was transient and limited to the mid-embryonic period. Further analysis revealed that nestin protein and mRNA were expressed in a subpopulation of embryonic myosin heavy chain-immunoreactive atrial and ventricular myocytes. Despite these findings, the biological function attributed to the transient expression of nestin in cardiac myocytes during a brief period of heart development remains undetermined. Thereafter, Anversa's group in 2002 identified nestin ϩ cells in the transplanted human heart that coexpressed the cardiac progenitor transcriptional factors myocyte enhancer factor 2 and GATA4 (45) . These findings suggested that the adult human heart may contain a nestin ϩ resident progenitor cell population implicated in cardiac remodeling and/or regeneration (45) .
Cardiac Resident Nestin ϩ Cells Exhibit a Neural Progenitor/ Stem Cell Phenotype
Unique features of CNS-resident nestin ϩ neural progenitor/ stem cells include the expression of the RNA-binding protein musashi-1, the formation of floating spheres in the presence of EGF/basic FGF (bFGF), and differentiation to a neuronal or glial phenotype in vitro when cultured in the appropriate induction milieu (15, 26, 38) (Fig. 1) . Furthermore, a recent study has demonstrated that expression of the intermediate filament protein nestin was essential for mitogen-stimulated neural progenitor/stem cell proliferation (60) . In 2005, Tomita and colleagues (53) isolated a side population of cells from the neonatal mouse heart negative for mature hematopoietic markers and weakly expressed CD34, c-kit, and stem cell antigen 1 (Sca-1). By contrast, nestin and musashi-1 were highly ex- Fig. 1 . The plasticity of nestin ϩ cells. Nestin ϩ cells (e.g., isolated from the central nervous system, heart, or hair follicles) proliferate and form spheres in the presence of EGF/basic FGF (bFGF). When cultured in the appropriate in vitro induction conditions, nestin ϩ cells differentiate to a glial (e.g., oligodendrocyte, astrocyte) or neuronal cell. The plasticity of nestin ϩ neural progenitor/stem cell cells is not limited to a glial or neuronal fate, since differentiation to an endothelial cell and/or vascular smooth muscle leading to de novo blood vessel formation is also observed. Lastly, a subpopulation of nestin ϩ cells isolated from the rodent heart has the capacity to differentiate to a cardiac myocyte. pressed, and isolated cells cultured in the presence of EGF/ bFGF led to a proliferative response characterized by the formation of floating spheres (e.g., cardiospheres) (53) . The dissociation of cardiospheres and the subsequent plating of individual cells in defined media (in the absence of EGF/bFGF) led to the loss of nestin and musashi-1 expression and the differentiation of a subpopulation to a neuronal or glial phenotype, characterized by the induction of microtubule-associated protein 2 and glial fibrillary acidic protein, respectively (53) (Fig. 1) . Lastly, employing a double transgenic mouse encoding protein 0-Cre/floxed enhanced GFP (EGFP), Tomita and colleagues (53) further demonstrated that cardiac resident nestin/musashi-1 ϩ cells were neural crest derived. The latter finding was confirmed using the Wnt1-Cre, Z/EG transgenic mouse, as EGFP expressed in embryologically derived neural crest cells was detected in nestin ϩ cells intercalated among ventricular myocytes of the neonatal heart (20) .
In 2005, Drapeau and colleagues (18) independently identified nestin ϩ cells in the scar of the infarcted rat heart, characterized by distinct processes and/or extensions that morphologically resembled CNS-resident neural progenitor/stem cells ( Fig. 2, A and B) . El-Helou and colleagues (20, 21) subsequently demonstrated that nestin ϩ cells were detected throughout the normal rat heart intercalated among nestin Ϫ cardiac myocytes in the ventricle as well as the atria. These nestin ϩ cells were not bone marrow derived but represented a resident population of the normal rat heart (21) . Therefore, as reported in transgenic mice that tracked the fate of neural crest-derived stem cells, nestin ϩ cells identified in the adult rat heart may have likewise originated from the fourth germ layer (20, 53) . Furthermore, rat cardiac-derived nestin ϩ cells expressed musashi-1 and grew as spheres in the presence of EGF/bFGF following their isolation from the infarct region (20) . After their plating in a defined media (in the absence of EGF/bFGF), sphere-derived nestin ϩ cells differentiated to a neuronal phenotype, characterized by the loss of the intermediate filament protein and induction of neurofilament-M (20) (Fig. 1) . Thus the rodent heart contains a resident population of nestin ϩ cells Fig. 2 . A: nestin ϩ cells and the heart. B: nestin ϩ cells with distinct processes detected in the infarct region of a 1-wk post-myocardial infarcted rat and isolated from the scar; picture rendered using the program SFP Renderer (Scientific Volume Imaging). C: a striated pattern of nestin staining was observed in cardiac myocyte-like cells detected in the infarcted mouse heart, and nestin ϩ cells (indicated by arrow) with distinct processes were observed in close proximity. D: connexin-43 staining (green fluorescence) of nestin ϩ cardiac myocyte-like cells in the infarcted rat heart revealed that the gap junctional protein was lateralized, cytoplasmic, and/or absent. E and F: nestin staining of endothelial cells was detected in newly formed small caliber blood vessels of the infarct region. G: in primary passage ventricular cells isolated from the neonatal rat heart, phalloidin staining of actin fibers revealed a striated pattern in myocytes and a filamentous phenotype in fibroblasts. H: nestin immunoreactivity was detected in neonatal ventricular fibroblasts and was absent in ventricular myocytes. The nucleus was identified with To-PRO3 staining.
that exhibit a neural progenitor/stem cell phenotype and are apparently neural crest derived.
In 2008, Scobioala and colleagues (47) detected nestin mRNA in the normal human heart and further demonstrated an increased expression in the infarcted heart, albeit the cellular source was not identified. An analogous response was reported in the ischemically damaged rat heart since nestin protein and mRNA levels were significantly increased in the noninfarcted left ventricle and scar region compared with the normal myocardium (21) . Work by El-Helou et al. (20) , Béguin et al. (6) , and confirmed by Mokry et al. (40) revealed that the viable myocardium of the infarcted human heart contained a population of nestin ϩ cells intercalated among cardiac myocytes characterized by distinct processes that morphologically resembled nestin ϩ cells identified in the normal rodent myocardium. Furthermore, these nestin ϩ cells were also detected in the peri-infarct/infarct region of the infarcted human heart (6, 20) .
Nestin ϩ Neural Progenitor/Stem Cells and Angiogenesis During Reparative Fibrosis
In 2004, Wurmser and colleagues (59) demonstrated that the plasticity of adult mouse brain-derived neural stem cells was not limited to a neuronal or glial fate since a coculture with human endothelial cells led to the differentiation of a subpopulation to an endothelial cell phenotype in vitro in the absence of cell fusion (Fig. 1) . Following their injection into the telecephalon of embryonic mice, a subpopulation of neural stem cells differentiated to an endothelial cell, albeit the in vivo response was less robust than that observed in vitro (59) . Nestin ϩ cells with a stem cell phenotype (e.g., grown as spheres in the presence of EGF/bFGF and differentiated to a neuronal or glial phenotype in vitro) were also identified in hair follicles of the skin, neural crest derived, and expression of the intermediate filament protein driven by the second intron (2, 24, 51) . Moreover, the transplantation of GFP-labeled folliclederived stem cells in the injured nude mouse led to the formation of fluorescent blood vessels via their differentiation to an endothelial cell phenotype (2) . In addition, CNS-resident neural progenitor/stem cells, follicle-derived stem cells, and neural crest stem cells were also reported to have vascular smooth muscle differentiation capacity under the appropriate induction conditions (24, 36, 43, 51) (Fig. 1) . A similar paradigm was reported by Tomita and colleague (53) , as a subpopulation of nestin ϩ cells isolated from the mouse heart differentiated to a vascular smooth muscle cell in vitro characterized by smooth muscle ␣-actin and calponin induction. These findings were recapitulated in vivo as GFP-labeled neonatal mouse cardiospheres transplanted into the embryonic mouse led to the formation of a fluorescent vessel containing GFP/smooth muscle ␣-actin ϩ cells (53) . Despite these findings, the robustness of the response, as determined by the number of newly formed fluorescent blood vessels or the percentage of GFP ϩ vascular smooth muscle cells in vivo, was not provided. Furthermore, the study by Tomita et al. (53) did not examine the potential differentiation of cardiosphere-derived nestin ϩ cells to an endothelial cell phenotype. Based on the aforementioned findings, we hypothesized that a subpopulation of nestin ϩ cells residing in the scar of the infarcted rat heart may represent a substrate of angiogenesis.
To directly address this premise, spheres were generated from nestin ϩ cells isolated from the scar of 1-wk post-myocardial infarcted rats (20) . Thereafter, individual sphere-derived cells were labeled with the fluorescent cell tracker 5-[[ [4-(chloromethyl) DiI) and injected into the viable myocardium of 3-day post-myocardial infarcted rats. Seven days after transplantation, CM-DiI-labeled cells were exclusively detected in the scar of the infarcted rat heart, demonstrating that the injected nestin ϩ cells migrated from the viable myocardium to the damaged region following an ischemic insult (20) . The work by Tamura and colleagues (50) confirmed the latter observation and further identified a seminal chemoattractant role of monocyte chemoattractant protein 1 in the migration of cardiac neural crest-derived nestin ϩ cells to the infarct region. Within the various pockets of transplanted cells detected in the infarct region, a subpopulation of CMDiI-labeled cells differentiated to an endothelial or vascular smooth muscle phenotype, characterized by the staining of endothelial nitric oxide synthase and desmin, respectively, and led to the de novo formation of CM-DiI-labeled blood vessels (20) . These data demonstrate that a subpopulation of cardiac resident nestin ϩ cells that exhibit properties of a neural progenitor/stem cell are capable of differentiating to a vascular cell during the early phase of scar formation and healing. Although these data highlight their plasticity, the reparative potential of nestin ϩ neural/progenitor cells on scar healing as an angiogenic substrate remains to be elucidated.
Nestin ϩ Neural Progenitor/Stem Cells and Neural Remodeling During Reparative Fibrosis
Neural remodeling of the infarcted heart is characterized by increased sympathetic fiber sprouting and activity (56, 65, 67) . In the hemodynamically challenged heart, the recruitment of the sympathetic system provides inotropic support and stimulates cardiac myocyte hypertrophy (19) . However, sympathetic hyperactivity also leads to adverse cardiac remodeling including arrhythmias, infarct expansion, and reactive fibrosis characterized by the uncontrolled synthesis and deposition of collagen by cardiac fibroblasts in the nondamaged myocardium (11, 14, 41) . Neural remodeling is not limited to the viable myocardium since several studies have detected tyrosine hydroxylase/neurofilament-M immunoreactive fibers innervating the peri-infarct/infarct region (56, 65, 67) . El-Helou and colleagues (20, 21) identified neurofilament-M ϩ fibers innervating the scar region of the infarcted rat heart that were physically associated with nestin ϩ processes. However, not all nestin ϩ processes innervating the peri-infarct/infarct were physically associated with neurofilament-M ϩ fibers, and this anatomical phenotype was not observed in the normal rat myocardium (6, 20, 21) . The initial interpretation of these findings was that nestin ϩ processes emanating from a subpopulation of cells may act as a scaffold and/or guidance mechanism to promote sympathetic fiber sprouting and subsequent innervation of the infarct region (20) . This concept was derived from the paradigm reported in denervated skeletal muscle as terminal Schwann cells located at the motor end plate were shown to send out nestin ϩ immunoreactive extensions to neighboring muscle cells that were closely associated with newly formed axonal sprouts growing from the nerve terminal (31) . However, upon further examination, it became apparent that the majority of neurofilament-M ϩ fibers physically associated with nestin ϩ processes originated from individual cells (6) . These data suggested that a subpopulation of cells with nestin ϩ processes innervating the peri-infarct/infarct region were capable of differentiating to a neuronal-like phenotype characterized by the de novo synthesis of neurofilament-M. To directly confirm the latter premise, sympathetic innervation of the infarcted heart by the stellate ganglion would need to be abolished. Indeed, the complete abolition of sympathetic fiber innervation was achieved by isogenic heterotopic cardiac transplantation (6) . One week after surgery, the beating transplanted rat heart was devoid of innervating neurofilament-M ϩ sympathetic fibers. The superimposition of an ischemic insult to the transplanted heart led to the de novo synthesis of neurofilament-M ϩ fibers in the ischemically damaged region and were physically associated with nestin ϩ processes emanating from individual cells (6) . In an attempt to better understand the stimuli implicated in the latter paradigm, normal rats were implanted with an osmotic pump containing the neurotrophin nerve growth factor or exposed to intermittent hypoxia. Nerve growth factor infusion and intermittent hypoxia increased the density of neurofilament-M fibers innervating the heart, albeit these newly formed fibers were not physically associated with nestin ϩ processes (6). Collectively, these data highlight a novel paradigm of reparative fibrosis as a subpopulation of cardiac resident nestin ϩ cells directly contribute to neural remodeling of the peri-infarct/infarct region of the ischemically damaged rat heart via the de novo synthesis of neurofilament-M fibers. Their differentiation to a neuronal-like cell in the peri-infarct/ infarct region further reaffirms the premise that a subpopulation of cardiac resident nestin ϩ cells exhibit characteristics of a neural progenitor/stem cell. Despite these findings, additional studies are required to ascertain the biological impact of neural remodeling on the reparative fibrotic response of the ischemically damaged heart.
Nestin ϩ Cardiac Myocyte-Like Cells and Reparative Fibrosis
In 2005, El-Helou and colleagues (21) detected nestin ϩ cardiac myocyte-like cells exclusively at the peri-infarct/infarct region of the ischemically damaged rat heart. Nestin staining of cardiac myocyte-like cells revealed a striated pattern, whereas the intermediate filament protein was not detected in ventricular myocytes residing in the normal heart or the noninfarcted viable myocardium (Fig. 2, C and D) . Callegari et al. (10) and Scobioala et al. (47) likewise identified nestin ϩ cardiac myocyte-like cells at the border of cryoinjured areas of the rat heart and the peri-infarct region of the ischemically damaged mouse heart, respectively. The latter paradigm was not restricted to the rodent heart since work by El-Helou et al. (20) , Béguin et al. (6) , and Mokry et al. (40) identified nestin ϩ cardiac myocyte-like cells at the peri-infarct/infarct region of the ischemically damaged human heart. Nestin ϩ cardiac myocyte-like cells were predominantly, structurally, and morphologically immature; expressed desmin, the ␤ 1 -adrenergic receptor; and associated with an aberrant pattern of connexin-43 organization and/or expression since the gap junctional protein was lateralized, cytoplasmic, and/or absent (5) (Fig. 2, C and D) . Moreover, the striated immunoreactive signal of desmin and nestin in these cardiac myocyte-like cells was consistent with heterodimer formation by the two intermediate filament proteins (58) . Lastly, in the ischemically damaged rat heart, nestin ϩ cardiac myocyte-like cells were observed 24 h postinjury and persisted in the infarcted myocardium for at least 9 mo (5).
Anversa's group (45) originally identified nestin/GATA4-immunoreactive cells in the adult human heart, and their findings suggested that these cells may represent a resident progenitor population implicated in cardiac remodeling and/or regeneration. Tomita and colleagues (53) likewise reported the expression of the cardiac progenitor transcriptional factor GATA4 in mouse cardiosphere-derived nestin ϩ cells. Therefore, in addition to glial, neuronal, and vascular smooth muscle cell plasticity, the authors speculated that a subpopulation of cardiosphere-derived nestin/GATA4 ϩ cells may have the potential to differentiate to a cardiac myocyte. Indeed, a subpopulation differentiated to a cardiac myocyte phenotype in vitro, characterized by the induction of the transcriptional factor NK2 homeobox 5 transcription factor (NKX2.5) and atrial natriuretic peptide, and a fraction of these cells were spontaneously beating (53) . Furthermore, with the use of a transgenic approach that tracked neural crest-derived stem cells, some EGFP-labeled cardiac myocytes were detected in the adult mouse heart, and nestin ϩ cardiospheres isolated from these mice were EGFP ϩ (53) . Thus the authors concluded that cardiosphere-derived nestin ϩ cells represent a dormant cardiac resident neural crest-derived stem cell population that can differentiate into neurons, glial cells, vascular smooth muscle cells, and cardiac myocytes (Fig. 1) .
Béguin and colleagues (5) identified a subpopulation of nestin ϩ cells in the normal rat heart that expressed the cardiac progenitor transcriptional factors GATA4 and NKX2.5 predominantly in the cytoplasm. Zaglia et al. (63) , Bellafiore et al. (7) , and Scobioala at al. (47) likewise identified nestin ϩ cells in the rodent heart expressing GATA4 and/or NKX2.5. Furthermore, the normal rat heart also contained a GATA4/NKX2.5 ϩ population lacking nestin expression and a nestin ϩ population lacking GATA4/NKX2.5 immunoreactivity (5). Following an ischemic insult to the rat heart, nestin/GATA4/NKX2.5 ϩ cells were detected at the peri-infarct/infarct region, and the transcriptional factors had translocated from the cytoplasm to the nucleus (5) . A predominant number of GATA4/NKX2.5/nestin ϩ cells identified in the peri-infarct/infarct region were not associated with distinctive nestin-immunoreactive processes (5) . The latter cells were partially elongated and appeared to be in a primordial state of differentiation possibly to a cardiac myocyte-like cell. These data and the findings by Tomita and colleagues (53) suggested that a subpopulation of rat cardiac resident nestin ϩ cells expressing GATA4/NKX2.5 may represent a novel cardiac progenitor stem cell pool implicated in myocardial regeneration during reparative fibrosis (5) . The study by Tamura and colleagues (50) have in part substantiated the aforementioned premise as neural crest-derived stem cells [e.g., nestin ϩ , form spheres in the presence of EGF/bFGF, c-kit
Ϫ ] isolated from protein-0 promoter-Cre/EGFP transgenic mice were detected in the normal heart and differentiated to cardiac myocytes at the peri-infarct/infarct region following ischemic damage (50) . Moreover, some of the newly formed EGFP ϩ cardiac myocytes expressed the intermediate filament protein nestin (26) . Collectively, these data demon-strate that a subpopulation of neural crest-derived cardiac resident nestin ϩ cells may directly contribute to myocardial regeneration after infarction. The presence of nestin ϩ cardiac myocyte-like cells in the human heart further supports the premise that an analogous population of nestin ϩ progenitor cells may exist and participate in myocardial regeneration.
Nestin Expression in Endothelial Cells and Myofibroblasts
Angiogenesis represents a conserved event of healing, providing a favorable environment for tissue regeneration (3, 57) . Following ischemic damage, the compensatory angiogenic response attempts to prevent cardiac myocyte death in the region at risk (3, 57) . During the reparative fibrotic response, an enhanced angiogenic response can limit subsequent infarct expansion and/or increase scar thickness, thereby reducing left ventricular dilatation (3, 57, 64) . Nestin expression was apparently associated with angiogenesis, since immunoreactivity was detected in endothelial cells of capillaries during embryogenesis, in the developing corpus luteum, and blood vessels vascularizing solid tumors (39) . In fact, numerous studies have reported nestin expression in endothelial cells in various forms of cancer (29, 35) . In addition, Ha and colleagues (27) detected nestin in von Willebrand factor-immunoreactive endothelial cells in proliferating capillaries located within the cerebral abscess of human patients. By contrast, nestin staining of blood vessels was weak or absent in the control brain (27) . In the infarcted human heart, Mokry and colleagues (39) identified nestin ϩ endothelial cells in blood vessels residing in the viable myocardium and the peri-infarct/infarct region. Work from our laboratory likewise detected nestin ϩ endothelial cells in small caliber blood vessels in the peri-infarct/infarct region of the ischemically damaged human and rat heart (6, 20, 21) (Fig. 2,  E and F) . Therefore, at least with regard to wound healing, nestin expression is associated with proliferating endothelium and may represent an appropriate marker of revascularization.
In contrast to normal fibroblasts, myofibroblasts are characterized by smooth muscle ␣-actin expression and secrete higher levels of extracellular matrix proteins to rapidly heal the ischemically damaged region (49, 55) . In the study by ElHelou et al. (21) and Béguin and colleagues (4), nestin was detected in myofibroblasts, albeit the magnitude of expression was markedly lower compared with nestin ϩ cells that exhibit a neural progenitor/stem cell phenotype. In 2007, Sakairi and colleagues (46) reported the existence of a subpopulation of interstitial smooth muscle ␣-actin ϩ myofibroblasts in the rat kidney following tubulointerstitial injury (e.g., ureteral obstruction) that expressed the intermediate filament protein nestin. Furthermore, the number of nestin/smooth muscle ␣-actin ϩ cells identified in the damaged kidney positively correlated with fibrosis (46) . In 2010, Tomioka and colleagues (52) reported an analogous paradigm in the injured human kidney secondary to immunoglobulin A nephropathy as nestin was detected in a subpopulation of smooth muscle ␣-actin ϩ myofibroblasts. Tomioka et al. (52) further demonstrated that nestin expression positively correlated with tubulointerstitial fibrosis, and patients with higher levels of the intermediate filament protein were associated with a significant worsening of renal function. Therefore, injury to the heart and kidney is associated with the appearance of a subpopulation of nestin/smooth muscle ␣-actin ϩ myofibroblasts.
Postnatal Growth of Ventricular Fibroblasts and Biological Role of Nestin
Nestin expression was not limited to neural progenitor/stem cells since the intermediate filament protein was detected in skeletal muscle and vascular smooth muscle cells during embryogenesis (42, 48, 54) . However, following postnatal growth, nestin protein expression was abolished and reexpressed in skeletal muscle after denervation and vascular smooth muscle cells following balloon injury to the carotid artery (42, 54) . These observations suggest that an analogous paradigm may in part explain the appearance of nestin ϩ scarderived myofibroblasts in the ischemically damaged heart. The isolation of ventricular cells from the neonatal rat heart revealed that nestin was selectively expressed in fibroblasts (4) (Fig. 2, G and H) . However, following postnatal growth of the rat heart, modest nestin staining was detected in a paucity of adult rat ventricular fibroblasts and protein content was significantly lower compared with neonatal rat ventricular fibroblasts (4) . In myofibroblasts isolated from the scar of 1-wk postmyocardial infarcted rat hearts, nestin was reexpressed and identified in a subpopulation of cells (37%), and the percentage of cells expressing the intermediate filament protein was significantly greater than adult fibroblasts (7%) but markedly lower than neonatal fibroblasts (86%). Thus these data suggest that nestin/smooth muscle ␣-actin ϩ scar-derived myofibroblasts may have originated in part from normal ventricular fibroblasts following the induction of the intermediate filament protein by the microenvironment of the infarct region. Indeed, both hypoxia and transforming growth factor-␤ 1 were reported to induce nestin expression in a rat renal fibroblast cell line (46) .
In neural progenitor/stem cells, nestin expression was required for mitogen-induced proliferation (60) . In vascular smooth muscle cells, nestin expression was also coupled to growth, and the intermediate filament protein was likewise detected in proliferative endothelium (1, 28) . Based on these observations, the disparate expression of nestin in neonatal and adult ventricular fibroblasts and scar myofibroblasts may be associated with dissimilar proliferative rates. Indeed, basal DNA synthesis as measured by [ 3 H]thymidine uptake was greater in scar-derived myofibroblasts compared with adult rat ventricular fibroblasts but significantly lower than neonatal rat ventricular fibroblasts (4) . Collectively, these data provided the impetus to examine whether nestin expression directly contributed to fibroblast growth, as reported in neural progenitor/stem cells, vascular smooth muscle cells, and endothelial cells. To test this premise, neonatal ventricular fibroblasts were infected with a lentivirus containing a micro-RNA-adapted short-hairpin RNA (shRNAmir) directed against nestin to selectively downregulate the expression of the intermediate filament protein (4). Nestin protein and mRNA levels were significantly reduced in shRNAmir-expressing neonatal ventricular fibroblasts, and the selective loss of the intermediate filament protein was not associated with an apoptotic response (4). Although a complete abolition was not achieved, partial nestin depletion significantly reduced basal [ 3 H]thymidine uptake in neonatal rat ventricular fibroblasts (4) . These data demonstrate that nestin participates in neonatal rat ventricular fibroblast proliferation and supports the premise that the disparate percentage of nestin ϩ cells reported among the various fibroblast populations may have contributed at least in part to the dissimilar rates of [ 3 H]thymidine uptake.
Conclusion
The adult rodent heart contains a resident population of nestin ϩ cells that express musashi-1, are neural crest derived, and grow as spheres in the presence of EGF/bFGF. In the human heart, nestin ϩ cells with distinct processes were also detected in the viable myocardium and the peri-infarct/infarct region. Subpopulations of cardiac nestin ϩ cells were identified and possess the intrinsic ability to differentiate to a vascular, neuronal, or glial cell in vitro and in vivo (e.g., in the normal developing myocardium and infarcted heart). The plasticity of cardiac nestin ϩ cells was analogous to that described of brainand follicle-derived nestin ϩ cells that exhibit a neural progenitor/stem cell phenotype. Despite their inherent plasticity, the reparative potential of cardiac resident nestin ϩ progenitor/stem cells during scar formation and healing remains to be elucidated. However, a subpopulation of nestin ϩ cells expressing cardiac progenitor transcriptional factors were also identified in the normal heart and may directly contribute to myocardial regeneration via their differentiation to a myocyte-like cell. Moreover, nestin expression was not limited to a progenitor/ stem cell population since the intermediate filament protein was detected in endothelial cells during active angiogenesis and an analogous paradigm was reported in the peri-infarct/ infarct region of the ischemically damaged rodent and human heart. These data suggest that nestin expression in endothelial cells represents a marker of revascularization during wound healing. Lastly, in the damaged kidney and heart, nestin was expressed in a subpopulation of smooth muscle ␣-actin ϩ myofibroblasts. In neural progenitor/stem, vascular smooth muscle, and endothelial cells, nestin was implicated in proliferation. Consistent with these data, nestin expression in smooth muscle ␣-actin ϩ myofibroblasts may likewise enhance their proliferative rate and represent an adaptive response to accelerate wound healing. Although this review has focused on scar healing, the overexpression or loss of nestin in the various cell populations in the absence of ischemia may be maladaptive. The upregulation of nestin in adult ventricular fibroblasts could lead to excessive proliferation and contribute in part to reactive fibrosis (41, 49) . A seminal feature of diabetes is impaired wound healing, and El-Helou and colleagues (22) reported the loss of nestin protein and mRNA expression in cardiac neural progenitor/stem cells in rat models of type I and type II diabetes. In this context, it is tempting to speculate that nestin-depleted neural progenitor/stem cells may predispose the diabetic heart to an inadequate reparative fibrotic response following ischemic damage. Likewise, the lack of nestin upregulation in endothelial cells during active angiogenesis and scar-derived myofibroblasts may further impair the reparative fibrotic response of the ischemically damaged diabetic heart. 
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